Introduction
The complexity of the oral environment and the ethical issues associated with in vivo studies of dental caries and periodontitis in humans have prompted the development of laboratory experimental models. A variety of in vitro caries models have been reported, each with advantages and limitations. Chemical models such as in vitro demineralization using acid buffers and demineralization/ remineralization using a pH-cycling system are widely used to simulate cariogenic challenges [1] . These models do not simulate the real caries formation process of the oral environment due to the absence of microorganisms, thereby limiting there usefulness to analysis of the physical-chemical aspects of enamel dissolution [2] . More elaborate systems involving chemostats, flowcells and constant depth film fermentors have been developed in an attempt to better mimic the oral cavity environment [3] [4] [5] [6] [7] . However, their high cost and complex apparatus requirements are often a limiting factor.
Microbial models associated with artificial saliva [8] and the presence of sucrose have been proposed [9] . This sugar causes the biofilm microbiota to become more cariogenic [10] by producing higher levels of extracellular polysaccharides (EPS). EPS may enhance bacterial adherence to the tooth surface [11] and may also increase the biofilm porosity [12] , producing local, low pH levels in the biofilm [13] . However, the majority of the existing microbial models use immersion in cultures inoculated with microorganisms, which only enables the demineralizing phase of the caries formation process. Models that also simulate the remineralizing phase are called "artificial mouths" and, like bacterial film fermentors, tend to require sophisticated laboratory equipment. Since the dynamics of the caries formation process consist of both phenomena (remineralization and demineralization), an ideal situation would be the development of simpler microbial models, involving immersion in microorganisms cultured baths, in which remineralization phase can be reproduced. The occurrence of Stephan's curve should be verified by the changes on the biofilm pH.
The goals of this study were two-fold: (1) to test if there is any difference in the artificial dentin caries production using a microbial model with three distinct sucrose bath regimens (0, three and six times a day) as assessed by bacterial counts on the dentin, dentin mineral loss and extracellular polysaccharide analyses, and (2) to test if there is any difference in the biofilm pH before and after sucrose baths. These data would be useful for developing a microbial model in which to induce dentin caries.
Experimental Procedures

Experimental design
This in vitro study was divided in two experiments. The first experiment used a randomized split-plot design, performed in triplicate. Forty-five dentin specimens were randomly allocated in four groups (n=15): control (C) no bacteria exposure and no sucrose treatment, 0S (exposure to bacteria, but no sucrose treatment, negative control), 3S (exposure to bacteria and 3 sucrose baths), and 6S (exposure to bacteria and 6 sucrose baths). Except for the control group, all experimental groups were inoculated with a cell suspension of Streptococcus mutans (SM) prepared from pure cultures grown overnight. After microbial cariogenic challenge of seven days, dentin demineralization and lesion depth were assessed by transverse microradiography analysis. The concentration of water-insoluble polysaccharides in the biofilm that formed over the dentin specimens was analyzed and a count of viable microorganisms in the dentin was performed.
The second experiment used a single-factor repeated measures design. Five dentin specimens were immersed in artificial saliva medium inoculated with Streptococcus mutans. Dentin specimens were bathed in 40% sucrose baths three times a day. pH measurements were taken before and immediately after immersion. Subsequent measurements were made after 5, 10, 15, 30 and 120 min after immersion, and this protocol was accomplished at the 7 th day of the experiment. Fifty dentin specimens (4 x 4 x 2 mm) were prepared using a water-cooled diamond saw and a cutting machine (Isomet 1000; Buehler, Lake Bluff, IL, USA). The specimens were coated with an acid-resistant varnish (Colorama, CEIL Coml. Exp. Ind. Ltda., São Paulo, Brazil), leaving a 16.0 mm 2 window of exposed occlusal dentin for the microbial cariogenic challenge. Afterwards, the surfaces to be submitted to the microbial caries model were polished for 30 s with 1-µm alumina paste and water, and sonicated while immersed in deionized water for 5 min in order to remove any residual impurities. The dentin specimens were fixed in the lids of glass containers with orthodontic wire, kept immersed in sterile distilled water, and then sterilized in a gamma radiation chamber (Gammacell 220 Excel, GC-220E; MDS Nordion, Ottowa, Canada) [14, 15] .
Specimens preparation
Biofilm growth and sucrose baths
After sterilization, the dentin specimens were removed from the distilled water and immersed in a sterile artificial saliva medium comprised of Lab-lemco (meat extract), 1 g/l (Oxoid); yeast extract, 2 g/l; proteose peptone, 5 g/l; type III hog gastric mucin (Sigma), 2 g/l; sodium chloride, 0.2 g/l; calcium chloride, 0.3 g/l; potassium chloride, 0.2 g/l; 1.25 ml/l of a 0.2 µm filter-sterilized solution of 40% urea (Sigma), added after autoclaving, and pH adjusted to 6.61 [8] . Except for those in the control groups, all artificial saliva glass containers (50 ml) were inoculated with 0.2 ml (1-2´10 8 colony-forming units -CFU/ml) of an overnight culture of Streptococcus mutans (SM) UA 159. This procedure was performed only once, and the dentin specimens were transferred into fresh medium every 24 h [16] . The specimens from all groups were incubated for 7 days at 37 o C and a partial 10% pressure CO 2.
The sucrose baths (immersion of the specimens in the sucrose solution) were prepared at a concentration of 40%, based on a pilot study to allow biofilm formation after 7 days with the artificial saliva medium. The dentin specimens from the first experiment (3S and 6S) were bathed 3 and 6 times a day for 5 min, respectively, and specimens from the second experiment were bathed 3 times a day, for 5 min. All specimens were then transferred to a fresh artificial saliva media, without any kind of rinsing.
Once a day, samples of all group-cultures were streaked onto BHI agar plates and incubated at 37°C in order to check purity. At the end of each experimental period, the biofilms were collected with sterile plastic curettes. The collected material was placed into microcentrifuge tubes and weighed. The carious dentin of all groups was likewise collected, transferred to microcentrifuge tubes, and also weighed.
Experiment 1 -Development of the microbial model
Insoluble extracellular polysaccharide (EPS) analysis
The EPS analysis was performed by adding 0.5 M hydrochloric acid solution to the biofilm (0.1 ml/mg). The samples were homogenized, maintained with constant agitation for 3 h at room temperature, and then centrifuged for 3 min at 12000 g. TISAB II was then added at 0.1 ml/mg and the samples were again centrifuged for 3 min at 12000 g. Then, 1 N NaOH was added to the first precipitate (0.1 ml/mg), and the samples were homogenized, maintained with constant agitation for 3 h at room temperature and centrifuged for 3 min at 12000 g. The supernatant was collected, added to ethanol 75% (0.3 ml/mg) and agitated. After 12 h at -20°C, 1 N NaOH (0.1 ml/mg) was added to the collected precipitate, and the concentration of insoluble extracellular polysaccharide (µg/mg of biofilm) was determined in the final supernatant from groups 0S, 3S and 6S using the phenol-sulfuric method [17] .
Carious dentin microbial analysis
After biofilm removal, samples of carious dentin were collected with scalpels (0.5-1.5 mg) from the halves of each specimen, added to a 0.9% (w/v) NaCl (0.1 ml.mg -1 ) solution and vortexed with glass pearls for 15 s. The suspensions were then serially diluted, plated onto BHI agar, and the plates were incubated at 37°C for 48 h under a partial pressure of 10% CO 2 . After incubation, the number of Streptococcus mutans was determined by colony counting, and the values were expressed as colony forming units (CFU) per milligram of dentin [18] .
Mineral content (ΔZ) and Lesion depth (LD) analyses
Transverse microradiography (TMR) was performed to determine the mineral content and lesion depth of the dentin. After the conclusion of the microbial model assay, each specimen was cut through the center of the lesion with a Silverstone-Taylor hard tissue microtome (series 1000 Deluxe, Sci Fab, Littleton, CO, USA) to obtain thin sections (160±20 μm thick) from each window. Thereafter, all thin sections were mounted on microradiographic X-ray plates (Kodak high-resolution plates) along with an aluminum step wedge. The samples were then X-rayed using a nickel-filtered Cu (K) X-ray source (Philips) operated at 20 kV and 30 mA for 65 min. The resultant microradiograms were processed and the radiographic images were taken digitally, transferred (KP-120U, Hitachi Denshi Ltd., Japan) from the microscope (EOM, Carl Zeiss Inc., Germany) to the computer. The images were analyzed with dedicated computer software (TMR, transverse microradiography version 1.26; Inspektor Research Systems BV, The Netherlands). Integrated mineral loss was determined by computing the area obtained by plotting the volume percent mineral profile towards dentin depth in each dentin section, with the sound dentin set as 48 vol% mineral [19] and this enabled the analysis of both mineral loss and lesion depth.
Experiment 2 -Assessment of the biofilm pH
Biofilm pH measurement
The pH of the biofilm formed over five dentin specimens was determined after seven days using a pH meter (pHboy; Camlab, Cambridge, UK) with an iridium oxide touch microelectrode (Beetrode model NMPH1, WPI, USA). The instrument was recalibrated before each sample and the measurements were taken before, immediately after, and then 5, 10, 15, 30 and 120 min after immersion in 40% sucrose baths [20] . After the baths, the specimens were transferred to a fresh medium.
Statistical analysis
Statistical analysis was performed using SPSS software (SPSS, version 14.1, (SPSS Inc., Chicago, IL, USA), with the significance level set to 5%. The data were evaluated to check the equality of variances and normal distribution of errors. In experiment 1, after data transformation (square root for ΔZ and LD, log for CFU counts and linear for EPS) analysis of variance (ANOVA) was used to check the significance between the response variables under study (EPS concentrations, viable microorganisms counts lesion depth and mineral loss). Spearman correlation was also performed to check the relationship among the variables (ΔZ, LD, CFU counts and EPS).
For the pH measurements in experiment 2, a Friedman variance analysis for repeated measures (intra-class coefficient) was performed to determine the pH differences between the periods (before, immediately after and 5, 10, 15, 30 and 120 min after) of the sucrose bath. Table 1 shows that the dentin mineral loss as well as the lesion depth were significantly higher for the negative control group (caries lesion formation in group 0S, exposed to bacteria but no sucrose treatment), than for the control group (no bacteria exposure and no sucrose treatment) (P<0.05). Table 1 also reveals that the sucrose bath regimens in groups 3S and 6S caused more mineral loss and higher lesion depth than that found in the two control groups, C and 0s (P<0.05) (Table 1, Figure 1) .
Results
Experiment 1
No difference among the groups was found for the colony forming unit counts of SM of carious dentin (P>0.05), even though a higher numerical value was observed for group 6S ( Table 1 ). The concentration of extracellular polysaccharide in the biofilm exposed to both 3S and 6S was significantly higher than that of 0S (P<0.01). However, no difference was observed between 3S and 6S ( Figure 2 ).
Figure 1. Mineral profiles (% vol X depth in µm) of each group accompanied by their respective microradiographs. Negative control (0S), three
Sucrose baths (3S) and six Sucrose baths (6S). The control group shows no caries lesion; the 0S group has developed the shallowest dentin lesion, followed by 3S and 6S with the deepest lesion formations. Table 1 . Original means and standard-deviations of dentin mineral loss (ΔZ), lesion depths (LD) and dentin microbial counts (CFU). Table 2 shows a statistically significant positive correlation between mineral loss (ΔZ) and lesion depth (LD) (P<0.001). The other variables have not demonstrated any statistical significant correlation (P>0.001).
For the mineral loss (ΔZ) and the lesion depth (LD) values, the control group shows statistical difference from all other groups; groups 3S and 6S do not show any statistical differences; for the CFU counts, no statistical differences were observed among the groups. Different letters show significant differences among the groups
Experiment 2
Measurements have shown that the pH decreased immediately after the sucrose baths (P<0.001). After 5 min, the values increased (P<0.001) and continued to increase dramatically until it decreased again at 120 min (P>0.05) (Figure 3 ).
Discussion
The microbial model used in the present investigation with Streptococcus mutans, artificial saliva as medium, and with sucrose baths seemed to be suitable to study dental caries formation in the dentin. The bacterial model enabled the simulation of the etiology and related factors of dentin caries development, while the main nutrient sources in the growth medium were able to provide the primary carbon source for the bacteria culture similar to that which is available in vivo [21] . Another microbial in vitro biofilm study has likewise Table 2 . Spearman correlation coefficients among the variables EPS, CFU counts, ΔZ and LD. shown the formation of lesions in the dentin [20] , as observed in the microradiographs (Figure 1 ) and by the positively correlated variables (P<0.001) mineral loss and lesion depth values (Tables 1 and 2 ). The model was not capable of reproducing the Stephan's curve since the initial biofilm pH measurements were about 4 and they remained below pH 5 even after immersion in a fresh medium. It should be emphasized that for simulating the Stephan's curve, a physiological pH resembling the initial pH of artificial saliva (6.8 -7 .0) must be obtained after about 20 min of sucrose exposure. Even though the biofilm pH has decreased immediately after the sucrose baths (P<0.001), following 5 min the values increased (P<0.001), and the buffer capacity of the artificial saliva was not so great as to allow the biofilm pH to reach values higher than the critical pH of the dentin dissolution (pH ~6.5). It is also possible that this lack of saliva ability to return to physiological pH may be related to the absence of the clearance capacity of saliva (not reproduced in this model), which is able to dilute acids and bacterial substrates such as sucrose. Therefore, it would be necessary to increase the buffering capacity of the medium and to develop a simplified constant-flow apparatus to deliver this saliva to the specimens. In order to confirm that the initial pH of the biofilm was similar to that of the artificial saliva, after seven days an attempt was made to measure the biofilm pH formed without the presence of sucrose. The biofilm that formed in this condition, however, was not thick enough to enable the measurements, since the electrode could not penetrate the thin biofilm layer.
Statistically significant positive correlation between mineral loss (ΔZ) and lesion depth (LD
The influence of sucrose on the severity of the caries attack was also demonstrated ( Table 1) and comparable to in vitro [20] and in vivo [22] results. Sucrose causes major biochemical and physiological changes during the process of biofilm formation, which, in turn, enhances its caries-inducing properties [23] . The biofilm structure was affected by the 40% sucrose baths, producing a more cariogenic environment than for the positive control group. This is in agreement with animal [24] and in situ [25] studies performed in enamel investigating the influence of diets containing high sucrose concentrations, biofilm formation, and caries development. In addition, the cariogenicity of sucrose has been shown to be dependent on the concentration and frequency of exposure [23] [24] [25] [26] and the carryover sucrose may have induced the production of glucans and facilitated biofilm accumulation. However, the present study was unable to distinguish the cariogenic effects between three or six sucrose baths (Table 1) . This could be explained by the inability of the microbial model to reproduce the remineralizing phase, but also suggests that three sucrose baths at 40% can be used in in vitro studies to mimic high cariogenic challenges in the oral cavity.
In the development of caries lesions the EPS formation, in the presence of sucrose, is an important virulent factor to be considered [26] . Insoluble extracellular polysaccharides can change the properties of the biofilm matrix [12] , enhancing bacterial adherence [26] , and causing the accumulation of large numbers of cariogenic streptococci on the teeth of human subjects [27, 28] . The findings of the present study ( Figure 3) confirm previous results indicating that EPS is produced in larger amounts in the presence of sucrose [29, 30] , and are consistent with the role of this kind of polysaccharide in the caries development. Moreover, the lack of difference between the EPS production between three or six sucrose baths may suggest that there is no additive effect in EPS production with more sucrose baths, using this microbial model.
The CFU counts in the carious dentin were also not statistically different between the sucrose regimens (Table 1) , agreeing with another study [20] that also did not find differences on the CFU counts between five and twelve days of cariogenic challenge in dentin using a constant depth film fermentor with S. mutans and treatments of four or eight sucrose pulses per day. In addition, since no differences were found in DZ, LD, or EPS, the higher number of microorganism seems not to be so relevant for producing deeper or more demineralized dentin lesions. We believe that both the number of baths and the CFU counts are important factors to be considered in models where the clearance and buffer capacity of saliva is achieved. In the present study, it may be possible that the first sucrose bath alone was capable of decreasing the biofilm pH to a point where it could not have been increased again. Consequently, one of the limitations of the proposed model was the absence of the remineralizing phase of the dental caries process.
This study also used a single-specimen biofilm model. Even though this type of model may be considered not so representative to what occurs in the mouth (with multi-specimen biofilm formation), single bacterial models offer advantages such as investigation of the disease etiology, comparison of the cariogenic potential of different bacterial populations, and assessment of the cariogenicity of various diets. In the present investigation we chose to use the mutans streptococci group, since it is considered the most cariogenic group within the oral microbiota associated with human dental caries [10] .
The in vitro microbial model described here was able to create artificial dentin caries. Lesion development was dependent on sucrose, although the number of exposures has been shown not to be relevant. The biofilm pH was modulated by sucrose and artificial saliva exposures. The pH values, however, were always below the critical pH value for dentin demineralization, suggesting that the model is based mainly on the demineralizing phase of the dentin carious process.
